Members of the basic helix-loop-helix (bHLH) transcription factor family are crucial regulators of neuronal cell generation and cell fate. A number of bHLH genes are expressed in the developing cerebral cortex, including MASH-1, neurogenin2 and NeuroD implying the existence of a regulatory and possibly redundant network of family members. BETA3 is a novel member originally cloned from pancreatic cells but we report here highly restricted expression patterns in developing forebrain structures that are highly stage-specific. We show that BETA3 mRNA is found in both neocortex and archicortex, mainly in cells that have reached their migratory destinations but is largely absent from proliferative zones. These expression data would suggest that BETA3 function is linked to the establishment rather than the initiation of neuronal fates. q
Results and discussion
Basic helix-loop-helix (bHLH) transcription factors play important roles in neuronal determination and differentiation by regulating gene expression via binding to E box sequences (Lee, 1997) . This binding occurs through the formation of heterodimers between tissue-specific class B bHLH family members and ubiquitous class A bHLH factors (Murre et al., 1989) . BETA2 (b-cell E-box transactivator (2), also known as NeuroD1, is a class B bHLH factor cloned from a hamster insulinoma cell line and shown to be important for both pancreatic and brain development (Lee et al., 1995; Naya et al., 1995) . Mice lacking BETA2 suffer arrested development of insulin-producing b cells in the pancreas (Naya et al., 1997) , and severe reduction of neurons in the cochlear-vestibular ganglia of the inner ear (Liu et al., 2000) . Another class B member, BETA3, was also cloned from pancreatic b cells but despite a high degree of homology with BETA2 (Peyton et al., 1996) , it is unable to bind DNA even though it can dimerize with class A proteins. Indeed, competition studies demonstrate that BETA3 is a negative regulator of BETA2 transcriptional activity.
It is noteworthy that BETA2 and BETA3 genes were both cloned from pancreatic and embryonic stem cells but their expression extends to other organs, including the brain. BETA2 mRNA expression is strongly detected in developing and adult brain including the cortex (Lee et al., 1995; Naya et al., 1995) . The importance of this gene for neuronal development is demonstrated in the null mutant where granule cells fail to differentiate properly in the cerebellum and hippocampal dentate gyrus (Miyata et al., 1999; Liu et al., 2000) . BETA3 mRNA is also expressed in the adult lung, kidney and brain (Peyton et al., 1996) , but there is no information on whether or not it has a role in neuronal differentiation. Given its putative role in regulating BETA2 transcriptional activity, the expression pattern of BETA3 in the developing brain is of particular interest. In this report, we describe highly restricted patterns of BETA3 mRNA expression in the developing neocortex, hippocampus and cerebellum. Data from Northern blots and in situ hybridization patterns confirm that BETA3 expression in the brain is associated with developmental structures, and is absent from the adult brain with the exception of trace levels in the adult hippocampus.
BETA3 was identified in a differential gene expression screen using serial analysis of gene expression (SAGE) (Velculescu et al., 1995 Northern blot analysis was performed using mRNA obtained from developing and adult neocortical tissues from E11.5 onwards (Fig. 1) . The results showed a single BETA3 transcript corresponding to the 3.75 kb band first reported by Xu et al. (1999) . In the developing cortex, BETA3 was barely detectable at E11.5, the stage when the Fig. 1 . Northern blot analysis of BETA3 mRNA expression in embryonic, postnatal and adult mouse neocortex. BETA3 expression is detectable from E13.5 to P7, with strongest expression at E15.5 and E17.5, with an approximate 3.75 kb transcript size. BETA3 expression is barely detectable in the adult neocortex. Fig. 2 . Expression of BETA3 in the mouse embryonic forebrain. BETA3 expression is observed in the preplate at E11.5 (A, arrow) with no expression in the VZ. At E13.5, BETA3 is found in the cortical plate of the neocortex and the piriform cortex (B), and the thalamic eminences (C). There is no expression in the ganglionic eminence of the developing striatum or in the septum (B). (D) Higher magnification of the boxed area in (C) shows the localization of BETA3 expression to the cortical plate of the neocortex and limbic cortex. (E) A posterior coronal section at E13.5 displays expression in a cluster of cells lateral to the ventricular layer of the third ventricle (higher magnification in F). (G) At E15.5, BETA3 expression is at the greatest intensity, involving both cortical plate and the underlying subventricular zone. Expression is slightly reduced at the piriform cortex region. (H) BETA3 expression terminates abruptly at the cortical hem marking the site of hippocampal development. (I) At E17.5, BETA3 expression remains intense in the cortical plate and subventricular zone. Abbreviations: A; amygdala; CP, cortical plate; DT, dorsal thalamus; GE, ganglionic eminence; H, hippocampus; Hyp, hypothalamus; LV, lateral ventricle; Ncx, neocortex; Px, piriform cortex; Pp, preplate; r, reservoir; S, septum; SVZ, subventricular zone; TE, thalamic eminence; V3, third ventricle; VZ, ventricular zone. Scale bar: (A, D, F), 270mm; (B, E, G-I), 690 mm.
preplate is established and before any cortical neurons are generated. Expression of BETA3 was clearly demonstrated at E13.5, with stronger signal intensities at E15.5 and E17.5 and still highly expressed until P7. In the adult cortex, hardly any BETA3 expression was seen.
The expression levels suggested by Northern blot analysis are supported by spatial localization of mRNA patterns using in situ hybridization. At E11.5, the cerebral wall is composed of a pseudostratified neuroepithelium with an emerging row of preplate cells at the pial surface. BETA3 is expressed in the preplate (PP) but not in the ventricular zone (VZ) (Fig. 2A) . From E13.5 to E17.5, the VZ is the most prominent layer as intense cell proliferation is occurring during this period while large numbers of postmitotic neuroblasts are known to migrate towards the cortical plate (CP). However, there is no BETA3 expression in the VZ of either neocortex or underlying ganglionic eminences but expression is intense in the CP (Fig. 2B-D) , suggesting that at E13.5, BETA3 is activated after the cessation of cell migration and acquisition of neuronal fates. In the thalamus, most neurons become postmitotic between E10.5 and E14.5 (Angevine, 1970) . In the ventral thalamus, BETA3 is expressed in the thalamic eminences (Fig. 2C) , and in the dorsal thalamus, faint staining is seen in a ribbon of cells lateral to the VZ of the third ventricle (Fig. 2E,F) . Peak neurogenesis in the neocortex occurs at E15.5 when the number of departed neurons is matched by the number of remaining proliferating cells in the VZ (Takahashi et al., 1996) . At this time point, BETA3 expression in the CP rises to its greatest intensity and other cells (possibly still migrating) present in the intermediate and subventricular zones (SVZ) are also positive (Fig. 2G) . At more caudal regions, a section across the E15.5 hippocampus reveals BETA3 staining in the cortical hem from which the hippo- On the other hand, expression in the hippocampus remains strong at P3 and P7, but in the adult, BETA3 expression is only confined to CA3 field and dentate gyrus. No staining may be observed in CA1. Abbreviations: Cer, Cerebellum; Cc, cingulate cortex; CA1, cornu ammonis 1; CA3, cornu ammonis 3; DG, dentate gyrus; GE, ganglionic eminence; LV, lateral ventricle; Ncx, neocortex; Px, piriform cortex; SVZ, subventricular zone (striatum). Scale bar: (A-D, F-H), 690 mm; (E), 270 mm.
campal pyramidal neurons will later emerge (Fig. 2H) . No staining can be observed in the subpallial ganglionic eminence. Similarly, no expression was detected at E15.5 in the midbrain or the trunk neural tube (data not shown). Staining at E17.5 is prominent in the CP and SVZ of the neocortex and hippocampus but appears to break abruptly at the junction of the neo-and piriform cortices (Fig. 2I) .
Staining in the postnatal period is dominated by highly restricted expression patterns in the CP and the hippocampus. At P1, BETA3 expression is strong in the upper CP but decreases abruptly at the medial limbic cortex (Fig. 3A,B  arrows) . The most superficial aspects of the cingulate cortex continue to express the gene (Fig. 3B) . The developing hippocampus at P1 shows strong BETA3 staining in all CA fields and in the dentate gyrus (Fig. 3B) . In the lateral limbic cortex, BETA3 expression is also diminished in the piriform region (Fig. 3C ). More posteriorly, the developing cerebellum is also stained for BETA3 in the Purkinje cell layer and in the granule cells (Fig. 3D,E) . Staining in the neocortex begins to wane by P3 and only weak staining is P7 (Fig. 3F,G) . The hippocampus continues to demonstrate staining at these stages. However, in the adult brain, the neocortex is no longer stained for BETA3 (Fig. 3H) . Interestingly, staining in the adult hippocampus persists in the dentate gyrus and CA3 but not in the CA1 field suggesting BETA3 to be a marker for the adult CA3 field.
Experimental procedures
C57/BL6 mice were used throughout the study. The morning of the vaginal plug was defined as embryonic day 0.5. For Northern blot analysis, total RNA was isolated from neocortical tissues dissected at various time points using standard protocols. In situ hybridization was carried out on 20 mm sections with antisense probes transcribed with T3 RNA polymerase and the digoxigenin label detected using anti-digoxigenin Fabs coupled to alkaline phosphatase and NBT/BCIP (Roche). Signals were not detected in the sense controls.
